The formation of FRs by IR radiation does not depend on the increase of skin temperature. The decrease of FRs and the preservation of collagen fibers in the skin treated with Bcb indicate the potential of this lipid system to protect skin under IR exposure.
Reducing the Harmful Effects of Infrared Radiation on the Skin Using Bicosomes Incorporating β-Carotene
The skin is designed to protect the organism against injuries and works as a physical barrier against the external environment. Sunlight damages human skin, resulting in the formation of free radicals (FRs), which are in part responsible for erythema/edema, inflammation, photoaging, and skin disorders [1] [2] [3] [4] . The negative effect of solar radiation on skin is usually associated with exposure to ultraviolet (UV) radiation [1] [2] [3] . UVB radiation is mainly responsible for DNA damage in the cells, and the pathway in which this DNA damage take place is discussed in many works [5] .
However, skin is also exposed to infrared (IR) radiation. IR radiation can generate FRs in the skin, which, depending on the dose, are able to initiate a cascade of different signaling pathways, inducing therapeutic or pathological effects [4] [5] [6] [7] [8] [9] . The FRs formed by IR radiation can be a quarter of the amount of FRs created by the UVB/UVA dose at the point of erythema [10] . Some studies relate FR formation to the increase in the temperature subsequent to IR radiation [4, 7, 8, 10] . The question of whether the IR radiation induces the formation of FRs directly or whether it is a result of IR-induced heat shock is still open. This question is relevant as the skin is exposed daily to IR radiation from sunlight at physiological skin temperatures. The accurate measurement of FRs induced during IR exposure maintaining the sample at physiological temperatures could report interesting information about the direct action of this radiation avoiding the temperature effect.
IR radiation penetrates the epidermal and dermal layers of the skin and reaches deeper than UV; consequently, it can damage both skin compartments. The epidermis contains the stratum corneum, which is a physical barrier for the body [11] . The dermis is the second innermost layer and contains structural proteins such as collagen and elastin. Collagen accounts for around 75% of the total dry weight of skin and provides strength and integrity to the tissue [12] . This protein can be damaged by the effect of IR radiation by the overexpression of matrix metalloproteinases (MMP), which is activated by FRs [4, 5, 13] . Changes in the structure or organization of collagen are responsible for alterations in the skin morphology, such as discoloration, loss of elasticity, wrinkles, or impairment of barrier function [12, 14, 15] . The regularly staggered structure of collagen induces periodic variations of electron density visible by X-ray scattering as sharp Bragg peaks. The X-ray profile in healthy skin shows a characteristic d-spacing of around 65 nm and several reflections associated with this distance [12, 15] . The position, intensity, and number of reflections of the typical axial periodicity of skin collagen change according to the effect of tissue physiology or physical conditions. These changes indicate a macromolecular disorganization of collagen, and consequently can indicate the degradation of the protein. Therefore, the study of the organization of skin collagen after IR radiation can also help to determine the potential effects of IR exposure on the skin.
In the current work the formation of FRs in the skin under IR exposure near physiological temperatures was evaluated using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin trap and electron paramagnetic resonance (EPR) spectroscopy. The maximum skin temperature reached during the experiment was 30 ° C. Therefore, the formation of FRs only by exposure to IR and without raising the temperature was investigated. Skin structural changes before and after IR exposure were also studied by small-angle X-ray scattering (SAXS) using synchrotron radiation. Additionally, a skin treatment was carried out with bicosomes incorporating β-carotene (Bcb) to evaluate their protective effect on FR formation and on the structure of skin collagen against IR exposure.
Bicosomes are phospholipid assemblies formed by spherical vesicles of approximately 150-250 nm and discoidal structures of between 15 and 25 nm (online suppl. fig. 1 ; for all online suppl. material, see www. karger.com/doi/10.1159/000447015) [16, 17] . The combination of the lipid composition and the small size, as well as their morphological versatility, makes them very useful for various skin uses as carriers [17, 18] . Both bicosomes and β-carotene have demonstrated ability to reduce FR formation in the skin [9, 17, [19] [20] [21] .
Materials and Methods

Chemicals
The chemicals used in this study are detailed in the online supplementary material.
Preparation of Bcb
The preparation of bicosomes is explained in the online supplementary material. The concentration of each ingredient in the Bcb was the following (w/v %): DPPC 4.25%, DHPC 0.75%, β-carotene 0.01%, PC: 8% and CHOL 2%.
Dynamic Light Scattering
The hydrodynamic diameters of Bcb were determined by dynamic light scattering using a Zetasizer Nano ZS90 (Malvern Instruments, UK). The details of this technique are included in the online supplementary material [see also 22 ] .
Skin Treatment with Bicosomes
The skin treatment with Bcb is explained in the online supplementary material.
Electron Paramagnetic Resonance
Native and treated skin samples were put into the quartz tissue cell of an EPR spectrometer (EMX-Plus 10/12 Brucker BioSpin spectrometer), with an X-band microwave bridge ( ∼ 9 GHz; EMX Premium X) and a 10-inch magnet (ER073) with a 12-kW power supply (ER083). More details about this technique and about DMPO treatment are included in the online supplementary material [see also 23 ] .
Small-Angle X-Ray Scattering
The diffraction experiments were performed at NACD beam- 
IR Exposure
Skin samples were exposed to IR radiation using an IR lamp of 250 W (Philips Infrared BR I 25). The IR range emitted by the lamp is 800-1,500 nm (IR-A; see online suppl. fig. 2 ). Details of skin irradiation are included in the online supplementary material.
Results
Bicosome Size
The hydrodynamic diameters obtained using dynamic light scattering at 25 ° C for Bcb are shown in table 1 . For comparative purposes, the original size of the bicosomes without any incorporated molecule is also shown.
The size of the bicosomes without β-carotene was approximately 180 nm with the proportion of light scattered of approximately 85%. The incorporation of β-carotene led to an increase in the particle size to approximately 250 nm and 85% of light scattered.
The increase in size of the Bcb could be due to the location of this lipophilic molecule in the bicosome structure [18] . Considering the low solubility in water of this antioxidant, this molecule is expected to be located in the lipophilic region of the bilayer of the bicosomes. Therefore, the incorporation of this lipophilic molecule inside the lipid bilayer of the bicosomes would promote a slight increase in the size of the nanostructures.
FR Formation under IR Exposure
The generation of FRs in pig skin samples was investigated by EPR using the DMPO probe, as it traps the FRs formed in the tissue. Figure 1 shows the spectra of native porcine skin before and after 120 min of IR radiation. Both spectra represent the symmetric spectral model of DMPO hydroxyl spin adduct (DMPO-OH ), and in general, in the current work the spectra that were obtained from all the skin samples showed similar patterns of DMPO-OH adduct [25, 26] .
The spectrum intensity of the skin after IR exposure was higher than the spectrum intensity before IR radiation ( fig. 1 ). This fact was a consequence of FR formation in the skin due to IR exposure and demonstrated the formation of FRs near physiological temperatures. Hydrodynamic diameter values are presented as means ± standard deviations. It is known that the second integral value of the EPR spectrum is proportional to the FR concentration [23, 27] . Hence, for quantitative determination of the FR in the skin after IR radiation, the second integration values of the spectra at different irradiation times were calculated ( fig. 2 ). This figure represents the kinetic evolution of FR concentration of native and IR-irradiated skin near physiological temperatures under IR exposure. The standard deviation of this data is between 1 and 2.5. The native skin showed a decrease in the FR concentration across time. This decay is a typical trend of these species and is a consequence of the destruction of the radicals [28, 29] . The FR concentration in IR-irradiated skin was constant during the first minutes, but approximately 50 min later the FR concentration increased, leading to the conclusion that new FRs are formed. Finally, with approximately 80 min of irradiation the FR concentration was maintained. This fact demonstrated the capacity of IR radiation to form FRs in the skin when the skin temperature is around 25-30 ° C.
The difference between the initial FR values could be due to the fact that the skin is a biological sample. Thus, even if all the skin pieces come from the same animal and have the same dimensions and treatment, these differences are expected.
The results obtained from the skin samples treated with Bcb are shown in fig. 3 . The standard deviation of this data is between 1 and 2.5. Overall, the FR concentration was lower in skin treated with Bcb. In fact, the FR concentration in skin treated with Bcb was maintained during the 120 min. After 75-80 min of IR radiation a clear difference in the FR concentration was observed between the IR-irradiated skin and skin treated with Bcb, which indicates a scavenging effect of this lipid system. Moreover, it is important to note that before irradiation (time 0 min) the FR concentration was also lower in skin treated with Bcb, indicating the neutralization of FR even in the absence of irradiation.
Collagen Degradation under IR Exposure
Establishing the Required Dose to Cause Skin Collagen Degradation It is known that high doses of IR radiation degrade the skin collagen, but to date the required IR dose that causes this degradation has not been clearly determined [4, 5, 13] . Therefore, to evaluate the possible effect of Bcb protecting or repairing the negative effects on the skin collagen caused by IR radiation, it is necessary to establish the IR conditions to degrade the protein (see Materials and Methods).
The regular staggered structure of collagen induces periodic variations of electron density visible by X-ray scattering as sharp Bragg peaks [12, 15] . The study of these peaks can be used to evaluate the organization of the skin collagen. Figure 4 shows the resulting SAXS profile of collagen when samples were irradiated adjusting the IR lamp at various distances from the sample (10, 15, and 30 cm) and irradiated for 30 min each time. The irradiation intensities for each distance correspond at 0.91, 0.48, and 0.16 W/cm 2 , respectively. When skin is irradiated at a skin-lamp distance of 30 and 15 cm, the collagen peaks are clearly present, while at 10 cm the loss of the characteristic peaks of collagen indicated the disruption of the molecular disorganization of the protein. The skin temperature was 44 ° C when the skin-lamp distance was set at 30 cm, 68 ° C when the skinlamp distance was 15 cm, and 75 ° C when the skin-lamp distance was 10 cm. Therefore, in order to evaluate the possible protecting effect of Bcb on the skin, the skinlamp distance was fixed at 10 cm. Then, while keeping the distance between the IR lamp and the sample fixed at 10 cm, different irradiation times were applied to the skin while SAXS profiles were registered. Figure 5 shows the gradual degradation of collagen of native skin exposed to IR at a fixed skin-lamp distance (10 cm) over different periods of time. At this distance, the irradiation intensity delivered to the skin was 0.91 W/ cm 2 , and the doses corresponding to these irradiation times were 273, 546, and 819 J/cm 2 , respectively. After 5 and 10 min of irradiation the collagen peaks were still observed, but these peaks were shorter compared to those obtained from native skin. This fact could be due to the disorganization of collagen, which was a consequence of the degradation of the protein at this irradiation time. The skin temperature with the application of these doses was in the range of 60-65 ° C. After 15 min of IR exposure the collagen peaks were not observed, indicating the total degradation of the protein. The skin temperature at this dose was approximately 70 ° C.
With these results and in order to evaluate the possible effect of Bcb to protect the skin collagen, the skin-lamp distance was fixed at 10 cm, and the irradiation time was fixed at 10 min.
Collagen Protection with Bcb
The skin samples were treated with the Bcb system in order to evaluate its protective effect on skin collagen against IR exposure. Figure 6 shows the gradual degradation of collagen of native skin and skin treated with Bcb exposed to IR at a fixed skin-lamp distance (10 cm) for 10 min. The characteristic collagen peaks in the X-ray profiles indicated an alteration in the molecular organization of collagen in the skin samples exposed to IR light in comparison with native skin, which demonstrated the damage produced in this protein at this irradiation time. The skin samples previously treated with Bcb and subjected to IR kept the X-ray profile with the characteristic features of collagen. This fact would evidence the preservation of collagen fibers of the skin treated with this system under IR exposure, indicating the potent efficacy of Bcb on collagen preservation. The skin temperature at this dose was approximately 60-65 ° C. 
Discussion
Influence of IR Radiation Forming FRs in the Skin
The most known pathological effect of IR radiation on the skin (especially IR-A) is the overexpression of MMP molecules, which have a degrading effect on skin collagen [4, 10, 13, 30, 31] . Up to now, the formation of FRs by IR radiation is attributed mainly to the increase in skin temperature caused by this radiation [7] [8] [9] [10] 31] , which could increase the temperature of the skin surface to 43 ° C. However, the question of whether the IR radiation induces FR formation in the skin directly or whether it is a result of IR-induced heat shock is not clear to date. A recent study has shown that direct heat action to the skin does not increase the expression of MMP in the same manner as that observed with IR radiation [4] . This study demonstrates that the effect of heat produced by a water bath does not induce the same process as the IR radiation [4] . Therefore, it is important to evaluate the effect of the IR radiation independently of the heat produced by this type of radiation and, consequently, the potential of this effect to initiate therapeutic or pathological effects on the skin. The homemade device used in this study provides the optimal conditions to measure in situ the FR formation near physiological temperatures. The ventilator was able to remove the heat coming from the IR lamp, and therefore the temperature of the skin was maintained between 25-30 ° C, allowing us to evaluate the effect of IR exposure on the skin.
Some studies claim that these FRs can induce therapeutic or pathological effects on the skin depending of the irradiation dose applied. At low doses (1-10 J/cm 2 ), IR radiation stimulates therapeutics effects, and at high doses (>120 J/cm 2 ) it stimulates pathological effects (approximately 1.5 h during direct sun exposure in summer time in Munich, Germany) [4] . In our experiments the irradiation intensity was 0.108 W/cm 2 ; thus, to achieve the dose of 120 J/cm 2 18 min of IR exposure is necessary. As shown in this study, the FR concentration near physiological temperatures is similar to the FR concentration before IR exposure at this irradiation time ( fig. 2 , 3 ) . Therefore, the possibility of this FR concentration causing pathological effects could be disregarded. It is likely that at the dose that was used, maintaining the temperatures between 25 and 30 ° C, the IR energy is not enough to initiate negative effects on the skin. The increase of FR concentration near physiological temperatures is achieved at around 50 min of IR exposure, that is, when the dose is about 324 J/cm 2 . The doses used in this work are considerably higher than those used in other works in which FRs are formed. For instance, Zastrow et al. [10] detected FRs using smaller doses than in our work, but in those conditions the skin temperature was above 40 ° C. Considering the important role of the temperature in the formation of FRs and the skin temperature below 30 ° C in our experiments, we needed to increase the IR dose to create FRs in the skin.
Further, it is important to consider that the minimum dose to increase the FR concentration is higher using IR radiation than using UV radiation. A previous study has shown FR formation in the skin exposed to UV radiation at doses around 25-30 J/cm 2 [17] , which is noticeably lower than the dose of IR radiation used in this study. This fact is related to the difference in energy values between IR and UV radiation. The energy of UV radiation is higher than that of IR radiation; thus, high doses of IR radiation could be necessary to increase FR concentration in the skin.
In summary, the FR formation is possible near physiological temperatures during IR exposure, and it does not necessarily occur at high temperatures. Consequently, the initiation of different signaling pathways inducing therapeutic or pathological effects near physiological temperatures could be considered. 
Stability of Skin Collagen under IR Radiation
Skin collagen accounts for 75% of the dry weight of the tissue. This protein provides the elasticity to the skin and is responsible for the integrity of the tissue [12] . Collagen molecules are formed by three α-polypeptide chains folded together to form a triple helical structure. The assembly between these triple helix molecules forms fibrillar groups in skin collagen, and the assembly between these fibrillar groups forms collagen fibers [12] . This protein can be damaged by the effect of IR radiation by the overexpression of MMP, which is activated by FRs [4, 13, 31] . Abnormalities of the collagen molecular structure affect the packing of collagen fibers in different tissues (skin, bone, breast, or tendon), which is linked to the pathological state of the tissue [12, 32] . Therefore, the state of collagen of the skin could be evaluated by studying the height of the Bragg peaks obtained using the SAXS technique.
The degradation of skin collagen occurs at a minimum dose of 273 J/cm 2 , when the skin temperature is around 60 ° C. Total degradation occurs at a dose of 820 J/cm 2 , when the skin temperature reaches up to 70 ° C. Therefore, in order to cause degradation of skin collagen hard environmental conditions are necessary that are not normally part of everyday life. Nevertheless, the optimization of the conditions to degrade skin collagen helps to evaluate the effectiveness of various agents that aim to protect the protein structure.
In this work the collagen degradation by IR radiation at physiological temperatures has not been evaluated. In fact, given that collagen has a strong structure, we need to accelerate the degradation of this protein by the application of IR radiation at high temperatures. Darvin et al. [13] showed the degradation of collagen in vivo maintaining the physiological conditions of the skin using second-harmonic generation measurements. In that study the volunteers were exposed for a minimum of 2 h every day for 4 weeks. These conditions are not reproducible for our in vitro experiments. The in vitro conditions of the skin pieces would not maintain for 4 weeks, and considering the lack of the homeostatic process the skin could be damaged (dehydration and possible burning signals).
In our study, the reflections obtained at a distance of 30 cm during 30 min of irradiation indicate no degradation of the protein ( fig. 4 ), although at these conditions the skin temperature was 44 ° C. Therefore, we can assume the preservation of the collagen below this temperature (including the physiological temperature) and at this dose (288 J/cm 2 ). All in all, the degradation of skin collagen at physiological temperature and under IR radiation would be an interesting study in the future.
Skin Protection under IR Radiation by Bcb
The application of Bcb on skin reduces FR formation and collagen degradation caused by IR radiation. This protection effect provided by Bcb could be associated with the properties of the β-carotene and with the characteristics of the bicosome system.
β-Carotene has been demonstrated to be an efficient antioxidant in lipid environments by trapping FRs or by quenching singlet oxygen radicals and protecting the collagen structure [9, 13, 17, 33, 34] . This antioxidant could act as a reducing agent of FR formation caused by IR radiation, and hence, the degradation of the collagen could be avoided.
In the bicosomes, the lipid molecules that form this system can also be responsible for the reduction of FRs in the skin. Lipid molecules absorb the IR light at different wavelengths [35] , and bicosomes are formed exclusively by lipids. Thus, the different structures of the bicosomes (discoidal structures and spherical vesicles) absorb IR radiation. Additionally, in a previous work we demonstrated the antiradical effect of this system without antioxidants in skin exposed to UV-VIS radiation as a consequence of the light dispersion caused by the lipids forming bicosomes [17] . Therefore, we want to mention a possible protective effect of the bicosomes. It is probable that a synergistic effect between β-carotene and the bicosome structure could be responsible for the protective effect of the Bcb system.
To understand the protective effect of bicosomes, it is important to understand the interaction of this lipid system with the skin. The external vesicles, with a size of approximately 200 nm, would not be able to penetrate through the superficial layer of the skin, the stratum corneum, and hence they remain on the skin surface in a similar way as described for other lipid vesicles [36] . Upon contact with the skin, the bilayer of the external vesicle of the bicosomes bursts, and the encapsulated disks (called bicelles) are released. Due to their small size and thickness, bicelles are able to penetrate into the skin [37] . Once incorporated into the stratum corneum, the bicelles increase in size as a consequence of the water content inside the tissue, and finally, they are retained into the tissue [18, 37, 38] . This increase involves a transition from bicelles to vesicles, and consequently, the bicelles are retained into the tissue (and also the β-carotene) [18, 37, 38] . In fact, there are some studies related to the penetration of bicelles into the skin, which show the penetration of these systems deeper than the stratum corneum (around 30-40 μm) [37, 39] . Therefore, bicosomes interact with the skin on the surface (by means of the external 176 vesicle) and inside the tissue (by means of the internal bicelles), and in this way, the lipids and the β-carotene can remain on the surface and inside the skin as a reservoir of the tissue.
The IR radiation intensity that penetrates into the skin would be diminished due to the properties of the Bcb system, which would reduce the FR formation. Further, considering that IR radiation could penetrate as far as the dermis [4, 5, 13] , the penetration of this radiation would probably be deeper than the penetration of bicosomes. Nevertheless, bicosome components are retained in the skin. Then, due to the IR absorption properties of the lipids forming bicosomes and to the antioxidant properties of β-carotene, the radiation that arrives to the dermis would be reduced, which could contribute to the preservation of skin collagen. In this way, the protective effect of Bcb on deep-located collagen is based on a reduction of the IR radiation intensity that allows the dermis of the skin to be treated by bicosomes.
Conclusions
The IR device attached to the EPR spectrometer provides adequate conditions to perform FR measurements in the skin samples. The FR formation under IR exposure does not necessarily occur at high skin temperatures -it is also produced near physiological temperatures. Consequently, the initiation of different signaling pathways inducing therapeutic or pathological effects near physiological temperatures could be further investigated. High temperatures of approximately 65 ° C are needed to degrade skin collagen, which are not normally part of everyday life.
Treatment with Bcb reduces the formation of FRs in skin subjected to IR radiation and preserves the structure of collagen. This fact demonstrates the potent efficiency of bicosome systems in protecting the skin under IR exposure.
